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Abstract: It is important to control the deformation-induced martensitic transformation (DIMT) up
to the latter part of the deformation to improve the uniform elongation (U.El) through the TRIP
effect. In the present study, tensile tests with decreasing deformation temperatures were conducted
to achieve continuous DIMT up to the latter part of the deformation. As a result, the U.El was
improved by approximately 1.5 times compared with that in the tensile test conducted at 296 K.
The enhancement of the U.El in the temperature change test was discussed with the use of neutron
diffraction experiments. In the continuous DIMT behavior, a maximum transformation rate of about
0.4 was obtained at a true strain (¢) of 0.2, which was larger than that in the tensile test at 296 K. The
tensile deformation behavior of ferrite («), austenite (), and deformation-induced martensite («')
phases were investigated from the viewpoint of the fraction weighted phase stress. The tensile test
with a decreasing deformation temperature caused the increase of the fraction weighted phase stress
of w and that of &/, which was affected by the DIMT behavior, resulting in the increase in the work
hardening, and also controlled the ductility of « and &/, resulting in the enhancement of the U.EL
Especially, the a phase contributed to maintaining high strength instead of & at a larger e. Therefore,
not only the DIMT behavior but also the deformation behavior of 7, a, and &’ are important in order
to improve U.El due to the TRIP effect.

Keywords: TRIP effect; uniform elongation; deformation-induced martensitic transformation;
deformation temperature; neutron diffraction experiments

1. Introduction

The transformation-induced plasticity (TRIP) effect is a strengthening mechanism of
metals that makes efficient use of the deformation-induced martensitic transformation
(DIMT) of the retained austenite (yg) and is expected to improve the ductility or elonga-
tion [1-6]. Because the TRIP effect also has been utilized in advanced high-strength steels,
there is great interest in understanding how the DIMT controls and the constituent phases
interact to obtain superior mechanical properties [2,4,7]. In various studies on the TRIP
effect, the DIMT behavior of 7R is key information for discussing the enhancement of
the uniform elongation (U.El) through the TRIP effect [4-12]. Blondé et al. investigated
the mechanical stability of yr using high-energy X-ray diffraction during tensile tests at
various deformation temperatures [3]. They made clear that the mechanical stability of yg
was influenced by a complex interplay among the carbon concentration in <z, the grain
orientation, the load partitioning and the deformation temperature. Based on previous
studies, it is desirable that g is stable in the early stage of deformation and that the
DIMT is temporarily induced up to the latter part of the tensile deformation in order to
obtain a better TRIP effect [8,13-15]. On the other hand, in cases where the improved U.EI
was obtained in various TRIP steels, all of the yr was not necessarily transformed into
deformation-induced martensite (') at the maximum load point [7,9,16]. This means that
the DIMT can be effectively used to improve the U.El through the TRIP effect. If such
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DIMT behavior can be achieved, it is obvious that the U.El can be improved. However,
such DIMT behavior is generally very difficult to obtain in tensile tests conducted at a
constant temperature or strain rate [4,7,14,16]. The DIMT behavior depends on the tem-
perature and the volume fraction of &’ at a given true strain (¢) generally increases with a
decrease in the deformation temperature [3,4,7,14,15]. It is expected that the DIMT can be
temporarily induced up to the latter part of deformation by decreasing the temperature
during the tensile deformation. We believed that this type of test would help to clarify the
conditions required for the DIMT to improve the U.El through the TRIP effect. Therefore,
we attempted to control the DIMT behavior by changing the temperature during the tensile
deformation. In the present study, we conducted tensile tests during which the deformation
temperature was decreased in order to control the DIMT behavior, and we investigated the
improvement of the U.El. The DIMT behaviors were investigated by X-ray and neutron
diffraction experiments [4,17-19]. The tensile deformation behaviors of the austenite (7y),
ferrite (a), and &’ phases of a TRIP steel were also studied through neutron diffraction
experiments [4,7,17]. Harjo et al. analyzed the phase stress of «’ with in situ neutron
diffraction experiments and discussed the stress contribution from &’ to the flow stress
of a TRIP steel [7]. The quantitative estimation of «’ based on this procedure must play
an important role in the discussions for the role of #’ on the tensile deformation behavior
of TRIP steels. From the obtained results, the relationships among the U.El, the DIMT
behavior, and the deformation behavior of each phase were summarized and the DIMT
conditions for an efficient TRIP effect were discussed.

2. Experimental Procedures

This study used a TRIP-aided multi-microstructure steel obtained from a 0.2C steel
(0.2C, 1.515i, 1.22Mn, 0.022P, 0.0025S, 0.039A1 by mass%) [7,12,18]. The ingots were vacuum
melted, hot rolled to a thickness of 8 mm by finishing at 1123 K, and then cold rolled to a
thickness of 2.2 mm. To obtain the TRIP steel, the cold-rolled steel sheets were annealed at
1073 K for 1.8 ks using a fluid bath under a N; atmosphere, followed by air cooling to 998 K.
The sheets were then isothermally held at 673 K for 180 s followed by air cooling. Surface
grinding was conducted to obtain a final thickness of 1.8 mm. Microstructure observation
was performed by using a scanning electron microscope JEOL-7001F (SEM, JEOL, Tokyo,
Japan) equipped with a measurement system of electron back scattering diffraction (EBSD)
(TSL Solutions, Sagamihara, Japan). The EBSD pattern was analyzed while the possible
phases were set as body-centered cubic (bcc) and face-centered cubic, and the scanning
pitch was 0.2 pm.

Static tensile tests were conducted at a strain rate of 3.3 x 10 at various deforma-
tion temperatures between 77 and 573 K by using a gear-driven type tensile test machine
Instron 5082 (Instron, Kawasaki, Japan) equipped with a 100 kN load cell. Here, tensile test
specimens with a gage width of 5 mm, a gage length of 25 mm, and a thickness of 1.8 mm
were prepared. The deformation temperatures were controlled by using liquid nitrogen
(77 K), an environmental chamber (123-373 K), and a heating furnace (373-573 K) [14,15,20].
Tensile test specimens that were interrupted at various ¢ during tensile deformation at
various temperatures were also prepared for calculating the volume fractions of yg (V)
and o’ (V). V, Vs, and the carbon content of g in the 0.2C TRIP steel were estimated by
X-ray diffraction experiments using Cu-K,, radiation (Rigaku, Tokyo, Japan) [7,14,15,18].
The quantitative estimations of V., and V/ by X-ray diffraction were based on the principle
that the total integrated intensity of all diffraction peaks for each phase in a mixture was
proportional to the phase volume fraction [14,15,20].

We also conducted tensile tests during which the deformation temperature was
changed during the tensile deformation to control the DIMT behavior. In this study,
two types of tests were performed, as shown in Figure 1. The deformation temperature
range was between 123 and 373 K, using the environmental chamber. Tensile test A, as seen
in Figure 1a, was conducted up to ¢ of about 0.15 at 373 K and was unloaded. Then, the test
specimens were cooled to various deformation temperatures below 296 K, and resumed
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where ae, ay, pa, and py are lattice constants and the atomic densities of a” and y [20,21].
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the same. In Figure 8b, the lower the reloading temperature was, the larger the increase in
Vs became just after the reloading. Such DIMT behavior did not, however, lead to a larger
improvement of the U.El in test A, as seen in Figures 6 and 7 [14,15,20]. On the other hand,
the difference in V., at € of 0.15 between Figure 8a,b became larger with the decrease in
temperature. The DMIT until € of 0.15 seems to be suppressed in the tensile deformation
at 373 K in test A. Because the changes of V., from ¢ of 0.15 to the TS in test A were larger
in comparison with the cases of the tensile tests at constant deformation temperatures,
U.Elin test A became larger with the decrease in the reloading temperature, as seen in
Figure 7. The U.El below 273 K in test A were approximately 5% larger than that obtained
in the tensile test at 296 K. The reason might be that a large amount of g transformed into
o' just after the reloading at a lower reloading temperature (Figure 8b). The difference in the
U.El between test A and the tensile test at 296 K can almost be explained by the difference
in the DIMT behavior. To retain more V., up to larger ¢ is effective to the TRIP effect from
the viewpoint of the DIMT of r [1,8]. However, we confirmed that it was difficult to
improve the U.El considerably by conducting test A. Based on the results obtained from test
A, we designed test B, in which the deformation temperature was gradually—continuously
decreased during tensile deformation, as seen in Figure 1b.
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difference in the U.El between test A and the tensile test at 296 K can almost be explained
by the difference in the DIMT behavior. To retain more Vy up to larger ¢ is effective to the
TRIP effect from the viewpoint of the DIMT of yr [1,8]. However, we confirmed that it
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Table 1. Valuss of k and 4 in Equation (4) in the 0:3€ TRIB sieel at vatious deformation temperattires:
Temperature (0 @) Tensilerlgst Bl t&st

ure k ’

, g g
41%—&%94%—”132—3%8—9%4—
1&; 6.42 i<_ 10 2132 ;9%%& 150(& i;%
243 26011467 4% =
278 902 1¢a1 280, ¥ 683

2% W87 ©7240 K ))112) 1195
355 &g7 1291 - =
o P2 158 552 135

3.3. Enhancement of Uniform Elongation in Test B

Figure 9 shows the s—e curves obtained from test B and the tensile test at the constant
deformation temperature of 296 K. It is noted that the U.El in test B was 51%, approximately
1.5 times larger than that obtained in the tensile test at 296 K. The continuous decrease in
the deformation temperature is effective to maximize the TRIP effect, resulting in a great
improvement in the U.El. Figure 10 shows the changes in the deformation temperature
(a) and o and do/de (b) as functions of ¢ obtained from test B and the tensile test at 296 K.
do/de decreased with the increase in ¢ in the tensile test at 296 K. However, in test B,
do/de changed in the increasing trend when the temperature continuously decreased from
323 K after ¢ of about 0.3. Such do/de behavior is accompanied with the enlargement of ¢,
satisfying the plastic instability, i.e., the U.EI [1,8,26]. It is expected that the DIMT behavior
and the deformation behavior of each phase affect the do/de behavior after € of 0.3 in test B.
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Figure 10. Deformation temperature (a) and true stress (¢) or work-hardening rate (do/de) (b) as
functions of true strain obtained by test B and the tensile test at 296 K.

Next, we discuss the DIMT behavior and the tensile deformation behavior of each
phase in test B based on the neutron diffraction experiments. Figure 11 shows V,/ (a) and
the transformation rate (b) as functions of ¢ in test B and the tensile test at 296 K [7]. The
values of k and g in Equation (4) used in Figure 11 are summarized in Table 2. Here, the
transformation rate in Figure 11b was calculated by using Equation (4) [9,15,20]. In the
tensile test at 296 K, V,» monotonically increased from the early stage of tensile deformation,
and the maximum transformation rate of about 0.3 was indicated at € of 0.03, i.e., at the
early stage of tensile deformation. On the other hand, in test B, V; was smaller than that in
the tensile test at 296 K until € of about 0.25. V,,» was larger in test B after € of 0.25 and almost
all of yg was transformed into a’ at the maximum load point. The transformation rate in
test B gradually increased and the maximum transformation rate of about 0.4 was indicated
at e of 0.2. As seen in Figure 10, at € of about 0.2, the deformation temperature decreased
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tensile test at 296 K, Vo' monotonically increased from the early stage of tensile defor-
mation, and the maximum transformation rate of about 0.3 was indicated at ¢ of 0.03, i.e.,
at the early stage of tensile deformation. On the other hand, in test B, Vo' was smaller than
that in the tensile test at 296 K until ¢ of about 0.25. V' was larger in test B after ¢ 0%0%5

’

mation rate in test B gradually mcreased and the maximum transformatlon rate of about
0.4 was indicated at ¢ of 0.2. As seen in Figure 10, at ¢ of about 0.2, the deformation tem-
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Figure 11.. Wolume fraction of deformation-induced martensite (a) and transformation rate by using
Equation (4) (b) as a function of true strain obtained by test B and the tensile test at 296 K [7].

Table 3. Values of k and 4 in Equation (4) iR Figures 1danacridure 14.

Cangifien, L3 /A

290,.;&6 K 77.,[‘7?7'0 11196

Tensile test 245 K~ 4259 — 131
Tensile test S $25.7 131

- 188K 000 91 0000 9884 00

188K 1201 0882

128 K 15,407 1.88

Test B 2493 .4 3.1

Figure 12 shows E;h e Of the 7, &, and o« phases as a function of ¢ in test B and the
tensile test at 296 K [7]. Here, the distinctions between ferrite and bainite microstructures
in the TRIP steel were difficult because they have the bcc structure and the similar lattice
constant. They were assumed to behave as one « phase in this study. In the tensile test at
296 K, ¢’ phase of « was compressive, and those for vy and &’ were tensile. This is coincident
with the experimental results in the previous studies [16,17,27,28]. Immediately after
yielding, stress partitioning occurred between < and «, and the DIMT started [4,7,16,17].
The difference in ¢/, _ between < and & became slightly smaller with the increase in &

phase
because ¢’ phase of v was decreased at ¢ > 0.2. On the other hand, in test B, the difference
in ¢’ between 7y and « was smaller than that in the tensile test at 296 K. After the

phase
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constant. They were assumed to behave as one a phase in this study. In the tensile test at
296 K, €ppqse Of @ was compressive, and those for y and a” were tensile. This is coincident
with the experimental results in the previous studies [16,17,27,28]. Immediately after
yielding, stress partitioning occurred between y and a, and the DIMT started [4, 7,],17].

The difference in F:“.mw between y and o became slightly smaller with the increase in ¢
because €45, Of ¥ was decreased at ¢ > 0.2. On the other hand, in test B, the difference
in g,y4s¢ between y and @ was smaller than that in the tensile test at 296 K. After the
releading at ¢ of abeut 0.2 at 323 K &), ObMmhssaincel pigas ittt Was Siaduatiy smalier
at £ of albowtt()33. £f ., of @' iim ttestPBvwisa loesthiheasamesahabat thethentehsitettasnob
Roarkdandriewged slibdlighHftaftent 0803, [7,17] 7]s;§,;,,$mdffy’yaardimwm diifferent from each
other in the comparisons of sgmlbmiwmm test B and the tensile test at 296 K. However,
it is difficult to discuss the improvementt of U.H iin tiestt 1B firom ey %gg hecause the
deformation temperature and the dhamges off Wy and V' during tensile deformation are
different between the two types of tests [4,17,29].
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of V,» was almost slowed down after £ > about 0.15. ]udgrng frorn Figures 13 and 14, ¢,
and e, seem to be associated with their changes of volume fraction. ¢, is smaller when
V, is small. In Figure 13, ¢,/ at € < 0.15 was larger with an increase in Vs due to the
decrease in the deformation temperature [17,23]. At e > 0.15, the increase of V,» was almost
stagnated except for 296 K and the V,» was about 0.08 or more. Thus, ¢, at € > 0.15 in
Figure 13b—d were almost the same, independent of the deformation temperature. On
the other hand, ¢, at € > 0.1 became slightly smaller, with a decrease in the deformation
temperature because of decreasing the V,,. ¢,, &, and ¢, of the TRIP steel at lower
temperatures were also reported by Yamashita et al. [17]. They studied in situ neutron
diffraction experiments during tensile deformation at various temperatures between 134
and 293 K using a TRIP-aided multi-microstructure steel obtained from a 0.31C steel having
a V0 of 17.9%. The difference between ¢, and g, was also decreased with a decrease in
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nated except for 296 K and the V.’ was about 0.08 or more. Thus, €. at ¢ > 0.15 in Figure
13b-d were almost the same, independent of the deformation temperature. On the other
hand, ¢y at € > 0.1 became slightly smaller, with a decrease in the deformation temperature
because of decreasing the V. ¢y, €, and ea of the TRIP steel at lower temperatures were
also reported by Yamashita et al. [17]. They studied in situ neutron diffraction expeninasends
during tensite defo ation at various temperatures between 134 arnd 293 Kousing a TRIP-
aided multi-microstructure steel obtained from a 0.31C steel having a Vyo of 17.9%. The
difference between ¢y and €. was also decreased with a decrease in the deformation tem-
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Figure 13. Phase strains of austenite (7y), ferrite («), and deformation-induced martensite (¢’) phases as
functions of true strain obtained by in situ neutron diffraction experiments during tensile deformation
at 296 K (a) [7], 245 K (b), 188 K (c), and 128 K (d).



Metals 2021, 11, x FOR PEER REVIEW 13 of 16

Metals 2021, 11, 2053

Figure 13. Phase strains of austenite (y), ferrite (), and deformation-induced martensite (a ") phases

mation at 296 K (a) [7], 245 K (b), 188 K (c), and 128 K (d).

)
=
% 0.1 ; x [ !
: |
= 128 K . ¢ 9t sieoe -]
-3 B L
T 008 D S TV G S [
g ,2**i188 K, a4’ w w8
= k2 . i
i Ces Lia™ " i
é e .4’“ 4'.’ 2 -
.g 0.06 A¥ s Cvm 245K P
= S e oo
E i a e
S ot L7 %%
:ﬂ;) 0.04 & Pl St '_"—"';6.’ """
- f,A i K ..°' 296 K
= o . e
= £ = ".a'.
g 002 [ri Zge
tm ‘oe®
& T ~°
E :/‘Q’O
E o
S 0 0.05 0.1 0.15 0.2 0.25 03

True strain

HiggureeTld. Vioblmeef faatioonod fddétommadioonindiiceednnaatéessiteagsaaf tumatioonod fivees staimnobivadmeeld
Byyiinsitiumeutoandliffreetionesyee ineendsdditiperéerideidesormatidane LOBA| 17)2245K 1 888K anwad
10K Hisee therdaphed hinesaec sl el adadprunipertauatiandp)-

Niésot e yotdistinss shet hepropeonent exfi U OE linthirtddteBtfreinB ffrom agld, the aiahgee
athasigeref fraltiors fiactiatindnkbidivgTtheHAINT. béheyioe. &iﬁl@edv&tgdiaedmwéight@h
phieightedspiassstpdds e 33 dikew atagheraladned el thinsadnsthastionofbigttiod-
pheightirdspbaby thiededidwyittpesiobssveing lsnd smeqpipitord anr| Bppadh [17,30,31],

o OV G0 &

where 04, 0y, and o«’ are the phase stresses for a, y, and cy' phases, respectively. Vioi (i=a,
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the elastic regime [26]. 0y, 0, and o are calculated by using the following equation,
g;=Ei¢i (6)

where ¢i is phase stress, ¢i phase strain, ahd % %foung’s modulus (i=a, y, and &), reség():—
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measured ¢ should be considered.
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Figures 13 and 15 that the « phase has a key role in test B. It is concluded that not only
the DIMT behavior but also the role of «, which plays a crucial role in maintaining high
strength, instead of o’ at a larger ¢ are very important in the efficient TRIP effect.

4. Conclusions

In this study, we conducted tensile tests in which the deformation temperature was
decreased during the tensile deformation in order to investigate the DIMT conditions
required for an efficient TRIP effect. The following conclusions were obtained.

1.  Inthe tensile tests, in which the test specimens were reloaded at lower temperatures
after being unloaded once, the improvement of U.El was about 5% and almost in-
dependent of the reloading temperature. This is because a large amount of yr was
transformed into &’ just after the reloading at lower temperatures.

2. On the other hand, when the deformation temperature was decreased continuously
during the tensile deformation, a very large U.El of 51% was obtained. This value
was about 1.5 times larger than that obtained in the tensile test at room temperature.

3. Interms of the DIMT behavior in the temperature change test, V,» was smaller in the
early stage of deformation and larger after € of 0.25 compared with that in the tensile
test at 296 K. Almost all of yg was transformed into &’ at the maximum load point.
The transformation rate gradually increased and the maximum transformation rate of
about 0.4 was indicated at ¢ of about 0.2.

4. The neutron diffraction experiments in the temperature change test revealed that
not only the DIMT behavior but also the deformation behavior of v, a, and &’ are
important factors in the TRIP effect. The a phase contributed to maintain high strength,
instead of &’ at a larger ¢ in addition to the DIMT behavior, and played an important
role in the enhancement of U.EL
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